The rubber static friction coefficient μ~s~ contributes, e.g., to the grip of tyres, shoes and windshield wipers, even though research is often focused on the sliding (dynamic) friction coefficient μ~d~. The μ~s~ is not purely a material property of contacting surfaces because it depends on the load, temperature, loading conditions and lubrication[@b1][@b2][@b3]. Large variations in the measured μ~s~ are often observed in experiments (compared, e.g., to μ~d~), which makes it difficult to reproduce measurement results and characterize the frictional performance of materials. In addition, the transition of a static obstacle into steady sliding motion is not properly understood. The literature contains extensive research on the sliding and rolling friction of rubber[@b4][@b5][@b6][@b7][@b8] but few studies on how the frictional sliding of rubber is locally initiated[@b9][@b10].

Rubber is an interesting material for friction testing even from a more generic perspective. Rubber is nearly incompressible (Poisson's ratio υ ≈ 0.5), resulting in clear initial shear stresses that depend on how loads or constraints (vertical and tangential) are applied to the sample. Furthermore, rubber is a very elastic material, which introduces two important aspects in experimental testing involving optical methodologies: large displacements (spatial resolution) and slow detachment at the interface (time resolution). These factors are especially important in high-speed imaging, where the limiting factor is the data flow, not only the spatial or time resolution. Rubber materials also contain filler materials that can be traced by, e.g., digital image correlation (DIC).

The onset of the frictional sliding of a polymethyl methacrylate (PMMA) beam has been studied comprehensively[@b1][@b11][@b12][@b13][@b14][@b15]; however, only a one-dimensional detachment front pattern and velocity are often evaluated because of methodological limitations. Two-dimensional studies have been completed for an elastomer polydimethylsiloxane (PDMS), where the contact of a glass lens and the smooth rubber surface was determined optically[@b10][@b16][@b17][@b18].

In this work, we demonstrate through both experimentation and simulation how initial frictional shear stresses caused by vertical loading define a detachment pattern. The experiments were conducted using a high-speed camera and DIC synchronized with 3-dimensional force measurements to study the detachment process. The material is a tread rubber compound used in the production of tyres; thus, the results have direct practical importance. The simulations were 3-dimensional finite element method studies, and they resulted in detachment patterns similar to those observed in experiments. Our results provide insight into how the μ~s~/μ~d~ ratio can be modified, e.g., to achieve desirable static friction properties for different applications. As an example, an increase in static friction in automotive tyres would be very beneficial because an anti-blocking system (ABS) maintains a relative slip as low as 5--15%; consequently, a fully braked tyre is actually generating a substantial braking force by sticking to the road. Thus, the static friction strongly influences the emergency braking distance and the manoeuvrability of modern cars.

Results
=======

Experimental results
--------------------

A rubber sample (60 × 60 mm^2^) was pressed against dry and wet glass surfaces in a linear friction tester ([Fig. 1](#f1){ref-type="fig"}). After loading, a longitudinal force was applied to the top surface of the sample. The forces acting on the sample were measured, and the rubber surface movement was high-speed photographed through a transparent glass plate. The high-speed camera image sequences were analysed by DIC to investigate the detachment process.

Rubber on dry glass
-------------------

[Figure 2](#f2){ref-type="fig"} shows how a static rubber block is detached to commence sliding. Force curves are given for different loads, and an image sequence is shown for a 600 N load (0.166 N/mm^2^). The detachment is clearly initiated from the rear corners of the contact area (image 3, 0.02 s) and continued by a detachment from the sides and rear (image 4, 0.03 s). The last area to stick to the glass is the middle area of the rubber after the detachment of the leading edge (images 4--5, 0.03--0.05 s). Complete detachment is observed after 0.05 s, where the force curve shows convergence into steady sliding friction as well.

The beginning of the force curve indicates a smooth transition from the static situation to sliding without any identifiable peak value that might be considered μ~s~. In addition, the force ramp shows no precursors of sliding when sampled at 10 000 Hz. The friction coefficient is clearly smaller for the 600 N and 800 N loads, indicating the expected load dependency. All loads and repetitions showed similar detachment patterns. For one of the several test sessions, the sample was slightly aligned with the glass surface, which resulted in a detachment from the other rear corner. However, the final sticking area was still in the middle of the contact.

The complete detachment time clearly depends on the load; however, the exact instant of time for achieving complete global sliding is difficult to identify (from either the force data or the image data).

Rubber on wet glass
-------------------

[Figure 3](#f3){ref-type="fig"} shows the detachment propagation on wet glass (with similar test parameters as in the case of the dry glass). The DIC image sequence shows how the contact is very abruptly ripped to enable sliding within a few milliseconds. The complete contact area is already sliding at 0.016 s, whereas the same sample has not started clear detachment on dry glass ([Fig. 2](#f2){ref-type="fig"}). The detachment pattern on wet glass is very chaotic, and even from the raw image data (not shown), identifying a detachment pattern similar to that observed in the case of the dry glass is not possible.

The force curve shows a clear peak value, which would traditionally be the μ~s~. The force ramp does not show clear precursors, but they are occasionally observed in the measurement setup and more often for the wet surface than for the dry. An interesting feature is observed when comparing images 1 and 2. Image 1 shows randomly distributed spots, which is noise due to the numerical analysis of the digital image detector data (see [supplementary material video](#S1){ref-type="supplementary-material"} for noise properties). In the 4 ms image, where one cannot state that the contact at this length scale would slide, the image colour is more even and deterministic, indicating micro-slip and new settling of the sample under shear loading. Similar micro-movement is observed for the dry friction between images 1 and 2. This result indicates that the time sequence of images at one length scale is not sufficient to judge whether a contact is locally sliding or not, as sliding may already occur at some shorter length scale. Thus, the length scale and even multi-scale surface roughness is essential when defining local sliding motion. This shear-induced micro-movement might explain the velocity strengthening of the static friction[@b19], which is an important but often overlooked phenomenon.

Effect of dwell time
--------------------

The μ~s~ is known to be sensitive to the dwell time before the actual movement[@b20][@b21][@b22][@b23][@b24], which is very likely from the increasing real contact area as a function of the contact time. The effect of the dwell time on the static friction was studied in the linear friction tester by loading the rubber sample against a dry or wet glass surface with a force of 400 N for different dwell times ranging from 2 to 600 s. [Figure 4](#f4){ref-type="fig"} confirms that the dwell time substantially influenced the static friction force on dry glass. A similar tendency is observed for the lubricated case (wet glass). In particular for the wet glass, the μ~s~ is almost three times higher for a 10 min dwell time than for the 2 s dwell time. The effect of the dwell time on the dry glass is of a similar force magnitude to that on the wet glass, although it clearly represents a smaller percentage (only a 50% increase from 2 s to 100 min, whereas on wet glass, the μ~s~ doubles). Interestingly, the rubber static friction depends strongly on the dwell time even on an ice surface[@b25][@b26]. Thus, the strong dwell time effect is very much due to the visco-elasticity of the rubber material[@b27]. The rubber is creeping into surface roughness, which consequently increases the real contact area when the dwell time increases[@b28].

FEM-simulation results
----------------------

Finite element method (FEM) simulations were performed to study the initial shear force development due to vertical and shear loading. We did not intended to simulate the extremely complex sliding friction, but rather the phases prior to it. Unlike the models used in many other studies, the model used here describes the local friction law in a very simple way (Amontons' law) but the bulk material properties are modelled by strain energy functions that are realistic for incompressible materials. This model provides a clear advantage over models consisting of masses and springs, where local contacts are described in a more complex but empirical way.

A rubber sample (60 × 60 mm^2^) was pressed against a flat glass surface with a boundary condition similar to that used in the experiments (prescribed displacement of top surface). The vertical load was applied to the rubber sample in small steps to obtain a realistic initial shear stress development and distribution. After loading, a longitudinal movement was applied to the top of the sample, also stepwise. The loading conditions and meshing are shown in [Fig. 5](#f5){ref-type="fig"}.

[Figure 6](#f6){ref-type="fig"} shows the detachment pattern for the high-friction situation, e.g., a rubber-glass material pair, as in the experimental section of this paper. The figure shows the contact pressure C~p~, shear pressure τ and normalized shear pressure in the respective rows and the longitudinal movement steps in the columns. The contact pressure is concentrated in the middle part of the sample, and the shear stresses are concentrated near the sample edges. The shear stress is naturally zero in the middle of the sample because of symmetry. The contact pressure at the leading edge increases substantially, necessitating an increasing shear stress to originate detachment. By contrast, the contact pressure decreases substantially at the trailing edge of the sample, and, even if initial movement decreases, the shear stress at the trailing edge (when the direction of the initial shear stress is opposite that of the sliding, as illustrated in the discussion section) during the very first moments before global sliding, the detachment initiates from the rear corners of the sample, as observed in the normalized shear stress development. The local detachment is initiated when the normalized shear stress exceeds the local friction potential (μC~p~(x,y)). Poisson expansion due to vertical loading does not cause any local sliding, as *τ*~*N *~\< *μ* (missing red colour tones (*τ*~*N*~) in case of x = 0).

A substantially different initial shear stress distribution is observed for a low-friction surface, as shown in [Fig. 7](#f7){ref-type="fig"}. Additionally, the contact pressure is more evenly distributed than on dry glass. This result is explained by local sliding due to the loading of the sample: the restriction of a slippery surface to sliding is smaller than that on a high-friction surface. That is, the sample can deform to a greater extent and more freely against the low-friction surface, and the initial shear stress level is lower (than on a high-μ surface). A similar phenomenon is observed for rolling tyres, where the contact length is slightly longer on an icy surface, which can be used to identify road friction conditions[@b29]. When a sample begins to move, additional shear stresses are introduced; however, because the peak stresses are missing, the detachment to sliding is more abrupt and chaotic. Interestingly, because all contact regions can be utilized to prevent sliding, the static friction is higher than if a spotwise shear stress peak would trigger a detachment wave in the early phase of shear stress development. In this simulation scenario, the moment bending of the sample is smaller on the low-friction surface; thus, the contact pressure is not altered as much as in the case of the high-friction surface. This situation actually creates an opportunity to control the μ~s~/μ~d~ ratio by changing how the force acts on the sample[@b1], and the static friction can be modified without changing the contacting materials.

The previous figures indicate that in addition to the shear pressure, the friction coefficient also affects the contact pressure distribution. Basically, on a slippery surface, the bulk rubber can expand laterally to a greater degree because the friction does not restrict this motion. For an incompressible material, the friction also has a strong influence on the vertical stiffness of the sample, i.e., the sample stiffness in compression is not purely a material property. This situation is illustrated in [Fig. 8](#f8){ref-type="fig"}, where a rubber sample is pressed against the surface, with μ varying from 0 to 2. The colour indicates the vertical force acting on the sample. For μ greater than 0.5, the ΔFz/Δz ratio is constant because the sample is fully stuck to the surface, and an increase in μ does not actually change the contact conditions. However, for slippery μ values (below 0.5), a strong dependency of μ on the sample stiffness appears, e.g., the sample is softer on a low-μ surface. Thus, the material's Poisson's ratio affects the bulk material stiffness in terms of the friction as well. As a consequence, the tensile testing of materials tends to better reflect bulk material properties, whereas compressive testing is more dependent on the measurement setup. Naturally, in terms of the contact mechanics and friction, the material properties in compression are important.

Discussion
==========

[Figure 9](#f9){ref-type="fig"} collects the experimental and simulation results of this work and combines them, showing the physical features that cause specific detachment patterns. On the left side of the figure, two finite element method (FEM) simulations of rubber settling on a perfectly smooth surface are shown. In the first scenario, the rubber-surface friction coefficient is 2, reflecting a dry surface μ~s~ for the rubber. Contact deformation results in a shear force distribution where the peaks (4) are located halfway between the corners at the edge of the sample. The contact pressure maximum is at the centre because of the incompressibility of rubber. The normalized shear force distribution shows peaks at the points where the local sliding is prone to initiate. The global frictional detachment naturally requires a tangential force to be applied to the sample; here, we assume that a force is acting on the top of the sample (if the force is applied near the contact, the behaviour would be different)[@b1]. The tangential loading introduces a moment that decreases the trailing edge contact pressure and finally triggers sliding friction near the trailing edge corners. This process would explain the experimental results observed in this work and gives a μ~s~ that is similar to μ~d~.

In the case of diminishing friction between the slider and surface ([Fig. 9](#f9){ref-type="fig"}, Low μ), the initial tangential shear stresses cannot develop as in the previous case. Notably, no significant shear stress is observed at the edges because of the initial sliding. Additionally, the resulting contact pressure distribution is slightly different and the apparent contact area is larger because of the expansion of the bulk material. The missing shear stress peaks do not provide a natural singularity for slip propagation; thus, the onset of frictional sliding is chaotic and coincides everywhere in the contact. Furthermore, the moment arising from the lever arm of the applied force does not cause the trailing edge to initiate slip propagation. However, the overall break-away force is less than for the "dry" case; thus, the contribution of the moment is weaker. If the initial shear stresses due to loading could be smoothened, e.g., by structural design, the moment might become a dominant factor in slip initiation even for slippery surfaces, and μ~s~/μ~d~ would decrease.

In addition to the effect of the moment lever arm on detachment, some other mechanisms are also present because of shear loading. The middle image (shear loading) illustrates how the leading and trailing edges are actually lifting off because of the modified geometry of the elastic block. The magnitude is small compared to the sample size, but it substantially affects the local vertical force[@b30]. The friction and Poisson expansion together cause an initial shear stress field, as demonstrated earlier in this paper. However, when global shear loading is applied to the sample, this initial distribution is modified. Indeed, the shear stress at the leading edge is increased because the global shear loading is pointing in the same direction as the initial shear stress (lowest image in shear loading). An opposite effect exists for the trailing edge, and this contribution would suggest detachment from the leading edge (as for the rubber ice precursor)[@b25]. However, other factors normally dominate and lead to different detachment patterns.

Poisson expansion results in an initial shear stress field[@b31][@b32], which appears to dominate the onset of the frictional sliding of rubber together with the loading conditions. The bulk properties of rubber cause sliding friction on rough surfaces[@b4]. On the basis of these observations, the bulk properties, especially the Poisson expansion, dominate the static friction coefficient or at least the μ~s~/μ~d~ ratio (when loading conditions are similar). This result may open new opportunities for industrial applications for rubber seals and automotive tyres: not only surface texturing and patterns have an effect, but the bulk properties and, e.g., chambers inside materials could also be used to modify μ~s~. The static friction can be modified by the timing of the micro-slip regions[@b33] and could be used, e.g., to improve the grip of shoes[@b34].

Precursors of slip are sometimes observed for wet glass--rubber contact and for soft rubber with a tire tread pattern on dry glass[@b35]. The precursors indicating that the μ~s~/μ~d~ relation is large (for a macroscopic obstacle) would be a convenient conclusion, but there is no generic relation. The dry surface friction shows no precursors because the initially uneven shear stress distribution provides clear nucleation points for sliding. The local sliding motion then propagates smoothly and in a deterministic manner. By contrast, the lubrication provided by the water between the rubber and glass smooths the initial shear stresses, resulting in no strong candidate locations for the nucleation of the sliding motion. Consequently, the detachment of the rubber to initiate sliding is very abrupt. Consequently, the static friction becomes very large because μ~s~ is fully spatially utilized before transferring to μ~d~ (high local μ before detachment).

As a curiosity, Schallamach waves[@b36] are never observed in our linear friction tester. A hemispherical slider and very low sliding velocities are apparently needed to create a suitable condition for such buckling. Meanwhile, a normal stick slip is often observed, as reported in detail elsewhere[@b35]. However, stick-slip (and friction in general)[@b1] is very much a tribo-system-specific property, and contacting materials are just one aspect of it.

Many authors[@b2][@b20][@b23][@b37][@b38] have reported that that the static friction coefficient of rubber depends on the initial dwell time and the rate of starting, which is definitively consistent with our results. Here, this effect is even stronger under lubricated conditions. The effect of the dwell time in the lubricated condition is critical in, e.g., hydraulic cylinders, where long standstill times and large differences in potential break-away forces make the control system design challenging. The dwell time has at least the following effects on contact: 1. Rubber creep increases the real contact area (increase in μ~s~) 2. Creep results in smoothening of the initial shear stress[@b12] (increase in μ~s~) 3. The trapped air/lubricant slowly bleeds away from the contact (increase in μ~s~) 4. Formed capillary bridges pull surfaces together. All these contributions increase the static friction force. As a practical case, the strong effect of the dwell time on the break-away force makes, e.g., accurate control of a hydraulic cylinder more difficult; however, the problem could be solved by the advanced engineering of seals. The ideal design of a ring-type rubber seal could have a pattern that without causing any leakage, would allow a natural point for a frictional shear crack to develop and let it propagate deterministically through the contact area. The strong load dependency of the friction of rubber and some other materials might be linked to Poisson expansion because strong local stresses tend to decrease (static) friction.

On the basis of both the experiments and simulations presented in this paper, we conclude that detachment propagates in 2D and that consequently, 1D measurements cannot reveal the underlying phenomena (as reported elsewhere)[@b10]. To fully understand the onset of frictional sliding in three dimensions, the micro-slip and roughness at several length scales must be considered. Furthermore, a high-fidelity bulk material simulation model is equally or even more important than an interface friction model to predict and understand μ~s~. The local friction might even be modelled by Amontons' law, whereas the bulk material and loading properties transfer these local friction forces into non-Amontons' behaviour of a macroscopic slider.

Methods
=======

Experiments
-----------

A linear friction tester at Aalto University was used to study the rubber detachment process in this work[@b39][@b40]. The rubber sample was glued into an alloy sample holder that was mechanically fixed to the piezoelectric force sensors. The force data were acquired at 10 000 Hz. The force sensors were connected to a pneumatic cylinder with a digital control valve, which applied vertical force to the sample. The longitudinal movement was constrained by a control arm, which allowed the vertical movement of the force sensor and sample. These components were in a carrier that was fixed to the linear guide, allowing longitudinal motion for friction studies. The longitudinal motion was controlled with a servo motor.

The sliding surface was a glass plate that could be moved laterally. Thus, the glass surface position for the sample could be changed without moving the high-speed camera. The high-speed camera (Photron SA-3) was equipped with a 50 mm focal-length objective. The spatial resolution of the optical setup was approximately 0.08 mm, and the frame rate was 5000 Hz.

The camera was calibrated to the metric scale by capturing an image in which a ruler was laying on the glass. The image sequence was analysed with digital image correlation (DIC, [Fig. 10](#f10){ref-type="fig"}), where two consecutive images were compared to identify the deformation field of the image. In particular, the images were divided into smaller sub cells, and the displacement (x and y) giving the maximum cross correlation was determined to be the deformation. Typically, the sub-cell size in these analyses was 79 × 79 pixels. The region of interest where the deformations were calculated was able to move on the basis of the deformation history. The grey-scale resolution was 12-bit.

The local velocities were calculated from the displacement field and were illustrated in this paper by overlaying a colour indicating the displacement over the actual image.

The target sliding speed of the sample was 0.2 m/s, and a servo motor applying longitudinal motion provided 8 m/s^2^ target acceleration. The force sensors also measured the inertial forces (of magnitude of a few newtons) in addition to the friction forces when the rubber sample was accelerating. The sample weight was removed from the force signal. The rubber sample was a 60 mm × 60 mm × 10 mm solid rubber block without any tread pattern or texture. No additional markers were required for the DIC analysis.

Simulation model
----------------

The finite element method model was implemented in Comsol Multiphysics 5.0 using the solid mechanics interface and a stationary study. The model was run by forcing the top surface to move as a function of the vertical displacement parameter; after loading, the top surface was similarly moved longitudinally. The local friction force followed Amontons' law. The model consisted of 39 720 tetrahedral elements, with an average element quality of 0.7646 and a minimum element quality of 0.2445. The strain energy function of the Yeoh incompressible material model is given by

and the model parameters are *C*~10~ = 0.906261, *C*~20~ = −0.304 126, and *C*~30~ = 0.082763 for the tire-tread rubber compound described by Cai *et al*.[@b41]. The counter surface was rigid and smooth.
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![The experimental setup comprising a linear friction tester, a force sensor with rubber sample, a glass substrate and a high-speed camera.](srep27951-f1){#f1}

![Detachment process of rubber on dry glass.\
The rubber block is moving to the right. The line figure shows four different load cases, and the images show the load case of 600 N (black dots indicate image snapshot). An actual high-speed photograph is at the background of the image and overlaid by a colour map to indicate local movement. A video is provided in the [supplementary material](#S1){ref-type="supplementary-material"}.](srep27951-f2){#f2}

![Detachment process of rubber on wet glass for four different load cases.\
Video is provided in the [supplementary material](#S1){ref-type="supplementary-material"}.](srep27951-f3){#f3}

![Influence of dwell time on static friction force on dry and wet surfaces.](srep27951-f4){#f4}

![(**a**) The 3-dimensional FEM geometry with meshing; the upper block is the rubber sample and the lower block is a rigid and fixed surface. (**b**) The rubber sample (in the middle) is loaded vertically in steps by the prescribed displacement, and the shear loading is subsequently applied in steps. The displacements are acting on the top surface of the rubber sample.](srep27951-f5){#f5}

![High-friction (μ = 2) detachment.\
The first, second, and third rows show the contact pressure C~p~ for the increasing longitudinal movement X, the shear stress τ, and the normalized shear stress , respectively.](srep27951-f6){#f6}

![Low-friction (μ = 0.4) detachment.\
The first, second, and third rows show the contact pressure C~p~ for the increasing longitudinal movement X, the shear stress τ, and the normalized shear stress , respectively.](srep27951-f7){#f7}

![Vertical contact force F~z~ as a function of the friction coefficient and vertical displacement z under compression (from FEM).\
The figure indicates the strong interconnection of the sample stiffness (ΔFz/Δz) and μ on slippery surfaces (μ \< 0.5).](srep27951-f8){#f8}

![Key factors affecting the characteristic detachment pattern.](srep27951-f9){#f9}

![A rubber sample viewed through the glass plate with a high-speed camera.\
The DIC parameters are shown.](srep27951-f10){#f10}
